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Abstract The alien mussel Mytilus galloprovincialis in-
vaded sand banks in Langebaan Lagoon on the west coast
of South Africa in the mid-1990s. However, by 2001 these
beds had completely died off, with only empty shells and
anoxic sand remaining. In an effort to prevent the re-set-
tlement of this aggressive invader, all dead mussel shells
were then cleared. This study considered the impacts of the
invasion and subsequent die-off on natural benthic com-
munities. Community composition differed significantly
between non-invaded and invaded areas (ANOSIM,
R = 0.685 and P < 0.01) as the physical presence of
mussel beds created a new habitat that promoted invasion
by indigenous rocky-shore species. This dramatically in-
creased faunal biomass from 1,132.9 g m–2 ± 3,454.7 SD
to 53,262.4 g m–2 ± 23,052.6 SD and species richness
from 38 to 49 species. Following the die-off of the mussel
beds, communities remained significantly different be-
tween non-invaded areas and those in which mussel shells
remained (ANOSIM, R = 0.663 and P < 0.01). Species
richness was significantly greater in non-invaded areas (18
species) than in uncleared areas with remnant shells (four
species) (Kruskal–Wallis ANOVA H2,36 = 10.8964 and
P = 0.032), as the previously dominant rocky-shore species
became smothered by sediment and the compacted shells
formed an impermeable layer excluding sandy-shore bur-
rowing organisms. After the shells were cleared, 50% of
the sandy-shore species associated with non-invaded areas
returned within 5 months, but community structure still
remained significantly different to non-invaded areas
(ANOSIM, R = 0.235 and P > 0.05). Invasion thus dra-
matically altered natural communities and although the
subsequent removal of the dead mussel shells appears to
have aided recovery, community composition remained
different from the pre-invasion state after 5 months.
Introduction
The arrival and establishment of alien invasive species is a
major threat to indigenous species and natural ecosystems
(Soulé 1990; Carlton and Geller 1993; Parker et al. 1999;
Grosholz 2002) and are of particular concern when they
take place in designated conservation areas. In this paper,
we document the arrival and effects of colonization of the
alien mussel Mytilus galloprovincialis in Langebaan La-
goon, which is situated on the west coast of South Africa,
96 km north of Cape Town, and forms part of the West
Coast National Park (Fig. 1). The Lagoon is characterized
by a high level of productivity, coupled with a high
diversity of taxa (Day 1959). From a biological perspective
it is unique in that numerous species more typical of
warmer waters occur here and certain species normally
restricted to estuarine conditions are also present, despite
the system being fully marine (Day 1959). Langebaan
Lagoon also supports very large numbers of palaearctic
migrant waders during the austral summer (Summers 1977;
Summers et al. 1977). In 1985, the West Coast National
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Park was proclaimed as the first marine park along this
coast, thus promoting the conservation of both the Lagoon
and surrounding terrestrial areas. The area has also been
registered under two international conventions: Ramsar
(for wetlands) and Bonn (for migratory birds). The con-
servation and protection of the natural biota in this area are
thus of global importance.
Since the early 1970s the areas surrounding Saldanha
Bay have undergone extensive urbanization and industrial
development, leading to a variety of impacts (Kruger et al.
in press). These impacts include runoff from fish factories
(Anderson et al. 1999), harbour development, including the
construction of a causeway and iron ore jetty (Beckley
1981), and the establishment of mariculture operations
(Boyd and Heasman 1998). Presently six alien species are
known from the system (Griffiths et al. 1992; Robinson
et al. 2004), the most abundant of which is the Mediter-
ranean mussel M. galloprovincialis.
In South Africa, M. galloprovincialis is rarely found in
heavily silted areas, which remain dominated by Chor-
omytilus meridionalis (Hockey and Van Erkom Schurink
1992). However, in Europe, M. galloprovincialis is known
to form dense subtidal beds directly on sandy bottoms
(Ceccherelli and Rossi 1984). M. galloprovincialis first
began establishing dense intertidal beds on the sandy centre
banks of Langebaan Lagoon in the mid-1990s (Hanekom
and Nel 2002). Interestingly, after supporting an estimated
biomass of nearly 8 t in 1998 (Robinson and Griffiths
2002), the beds on the centre banks decreased in size by
~88% by early 2001 (Hanekom and Nel 2002), and by mid-
2001 the population had died off completely, with only
empty shells and anoxic sand remaining. The reason for the
die off is, however, unknown. In an effort to prevent the
re-settlement of M. galloprovincialis in this area, South
African National Parks began removing all dead mussel
shells from the centre banks in late 2001, as these shells
offered a suitable settlement substrate for the larvae of
mussels. As a result, four distinct habitats exist, or have
existed on the centre banks: (1) non-invaded areas, con-
sisting of soft, bioturbated oxygenated sand; (2) invaded
areas, which supported a thick layer of living mussel bed
that created a hard substrate and smothered the sediment
below, which was black, hydrogen-sulphide laden and
oxygen deficient; (3) uncleared areas, which supported no
live mussels, but had a thick remnant mussel-shell layer
partly mixed with the sediment below, which was anoxic
and (4) cleared areas, from which shells had been manually
removed with large forks, inevitably disturbing the sedi-
ment which was nonetheless still anoxic due to the absence
of bioturbators.
We investigated the effect of the M. galloprovincialis
invasion on the natural communities of the sand banks
in Langebaan Lagoon and followed changes in these
communities after the die-off of the beds and the sub-
sequent removal of empty shells.
Materials and methods
Sampling sites were located at the northern point of the
centre banks (3307¢00†S and 1802¢25†E) in the northern
reaches of Langebaan Lagoon (Fig. 1). This area is made
up of fine, clean sand, which tends to be firmly packed.
Most of the surface area of the banks is exposed twice-
daily at low tide. The mussel beds were situated on the
northern tip of the sandbank, adjacent to 5 m deep chan-
nels, which experience rapid water flow of up to 2 m s–1
during each change of tide.
Non-invaded versus invaded areas, 2001
To determine and compare community composition be-
tween invaded and non-invaded areas, 15 randomly posi-
tioned 0.06 m2 quadrats were sampled in April 2001 in
each area. All sediment within each quadrat was removed
to a depth of 30 cm and sieved through a 2 mm sieve in
order to retain organisms occurring within the sediment.
All animals recovered (from both above and below the
ground) were identified to species level, counted and wet-
weighed.
Non-invaded versus uncleared versus cleared areas,
2002
In April 2002, 12 randomly positioned samples were taken
in each of (a) non-invaded, (b) previously invaded but
Fig. 1 Map of Langebaan Lagoon, showing the position of the
Mytilus galloprovincialis beds on the centre banks. MLWS mean low
water springs
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uncleared areas and (c) previously invaded and cleared
areas, following the same sampling protocol as above. Five
months prior to sampling, all empty shells had been
removed from the cleared areas.
Statistical analyses
Community composition (based on numerical abundance)
was compared between areas using the PRIMER soft-
ware package (Plymouth Marine Laboratory, Plymouth,
UK). ANOSIM (based on Bray–Curtis similarities) was
used to detect significant differences between communi-
ties of the various areas. SIMPER identified which spe-
cies contributed most to these differences. Non-metric
MDS and hierarchical cluster analysis were used to
generate graphic representations of the differences be-
tween the communities. All multivariate analyses were
performed on fourth-root transformed non-standardized
data. During comparisons of communities from invaded
and non-invaded areas, a single sample from the non-
invaded area was excluded as it constituted an outlier
with only two individuals representing a single species
not present in any other sample.
Prior to univariate analyses, data were checked for
homoscedasity using the Kolmogorov–Smirnov one-
sample test, and for homogeneity of variances using
Levene’s test. The densities and biomass m–2 recorded in
invaded and non-invaded areas in 2001 were compared
using a Mann–Whitney U-test. These variables were also
compared among non-invaded, uncleared and cleared
areas using a Kruskal–Wallis ANOVA. The number of
sandy-shore, rocky-shore and ubiquitous species occur-
ring in each of the above areas were compared using a
Pearson chi-square test. The species diversity supported
in each area was assessed by three diversity indices: the
Shannon–Wiener diversity index (H¢) (a measure of
diversity which incorporates components of both species
richness and equitability), Margalef’s index (d) (a mea-
sure of species richness) and Pielou’s evenness index (J¢)
(a measure of equitability). These indices were calculated




i pi log pið Þ;
where pi is the proportion of the total number of individuals
arising from the ith species.
d ¼ S 1
log N
;





is the maximum possible diversity, which would be
achieved if all species were equally abundant.
These indices were calculated for each sample, thus
allowing the comparison of diversity between the various
areas using the Mann–Whitney U-test (2001) or the
Kruskal–Wallis ANOVA (2002) (Clarke and Warwick
1994). Non-parametric multiple comparison tests were
used to determine which areas differed significantly in
2002. All univariate analyses were conducted using
STATISTICA for Windows (Version 6), StatSoft Inc.,
Bedford, UK (2004).
Results
Non-invaded versus invaded areas, 2001
Multivariate comparisons between invaded and non-
invaded areas showed that communities in these two areas
differed significantly from one another, even though the
contribution made by M. galloprovincialis itself was
excluded (ANOSIM, R = 0.685 and P < 0.01). Clearly,
inclusion of mussels in the analysis would have further
enhanced this separation. Communities within the anoxic
sediment below the mussel beds differed from those in
non-invaded areas, with only nine individuals comprising
six species being recorded beneath the mussel beds.
Among non-invaded samples, 90% of the similarity was
accounted for by nine burrowing species. Four species, all
typical of rocky-shores (the crab Cyclograpsus punctatus,
an anemone Anthothoe chilensis, the slipper-limpet Crep-
idula porcellana and a cushion star Patiriella exigua),
accounted for 90% of the similarity among samples from
invaded sites. Results from the MDS (excluding the con-
tribution made by M. galloprovincialis) revealed distinct
separation between communities occurring in non-invaded
and invaded sites (Fig. 2). The dendrogram formed by
cluster analysis supported these groupings.
The biomass m–2 recorded in invaded areas also differed
significantly from that recorded in areas clear of invasion
(Mann–Whitney, U1,15 = 225 and P = 0.0008), even when
the contribution made by M. galloprovincialis was excluded
(Mann–Whitney, U1,15 = 8 and P = 0.039). The mean
biomass m–2 (excluding M. galloprovincialis) supported by
invaded areas (4,273.4 g m–2 ± 3,454.7 SD) was nearly
four times that in non-invaded areas (1,132.9 g m–2 ±
3,454.7 SD) (Fig. 3). When M. galloprovincialis was
included, the mean biomass in invaded areas increased
to 53,262.4 g m–2 ± 23,052.6 SD. Significant differences
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were also found between the number of individuals m–2
recorded in non-invaded and invaded sites (M. gallopro-
vincialis excluded the Mann–Whitney, U1,15 = 226 and
P = 0.0007). A mean density of 835 individuals m–2 ±
1,179 SD was recorded in non-invaded sites, compared to
3,640.1 individuals m–2 ± 2,002 SD in sites invaded by
M. galloprovincialis (Fig. 3).
Of the 64 species recorded in 2001, only 36% were
found in both non-invaded and invaded areas, with 41%
being restricted to invaded areas and 23% to the non-
invaded areas. Sand-burrowing species, such as the
amphipod Urothoe grimaldii and the bivalve Tellina gil-
christi, were characteristic of non-invaded sites; whereas
rocky-shore species, such as the gastropod Burnupena
lagenaria and the barnacle Balanus amphitrite, typified
invaded areas. The number of sandy-shore, rocky-shore
and ubiquitous species differed significantly between non-
invaded and invaded areas (v22 = 10.408 and P = 0.004),
with sandy-shore species most abundant in non-invaded
areas and rocky-shore species dominating invaded areas
(Table 1). No significant differences were detected
between non-invaded and invaded areas in the Shannon–
Wiener (Mann–Whitney, U1,15 = 70 and P = 0.079),
Margalef’s (Mann–Whitney, U1,15 = 86 and P = 0.073) or
Pielou’s diversity indices (Mann–Whitney, U1,15 = 46 and
P = 0.086) (Fig. 4).
Non-invaded versus uncleared versus cleared areas,
2002
Analyses of community composition of the three areas
sampled in 2002 revealed significant differences between
non-invaded and uncleared areas (ANOSIM, R = 0.663
and P < 0.01), as well as between cleared and uncleared
areas (ANOSIM, R = 0.607 and P < 0.01). Communities
in non-invaded and cleared areas showed no significant
differences (ANOSIM, R = 0.235 and P > 0.05), and were
94.99 and 97.36% dissimilar to invaded sites. In both cases,
over 40% of this dissimilarity was accounted for by two
species, the polychaetes Orbinia angrapequensis and Sco-
lolepis squamata, both of which were absent from uncle-
ared sites. The MDS plot and the dendrogram resulting
from cluster analysis revealed a graphic separation of
previously invaded (cleared and uncleared) sites from all
other areas (Fig. 5).
A mean biomass m–2 of only 38.9 g m–2 ± 62.2 SD was
recorded in previously invaded areas, while non-invaded
and cleared areas supported 142.2 g m–2 ± 142.0 SD and
292.3 g m–2 ± 622.4 SD, respectively (Fig. 6). Despite
supporting the highest biomass, cleared areas supported the
lowest density of individuals (167 ± 148 SD). No signifi-
cant differences were, however, recorded in either the bio-
mass or density of individuals supported by non-invaded,
cleared and previously invaded areas (Kruskal–Wallis
ANOVA H2,36 = 4.9346, P = 0.063 and Kruskal–Wallis
ANOVA H2,36 = 9.3731, P = 0.086).
In total, 21 species were recorded on the centre banks in
2002, with the majority (52%) occurring exclusively in
areas that had never been invaded. Four species (18%),
were present in all sampling areas: the polychaetes Ara-
bella iricolor and Nephtys capensis, the hermit crab
Diogenes brevirostris and the whelk Nassarius plicatellus.
None of the species recorded were restricted to previously
Fig. 2 a Non-metric multidimensional scaling of species abundance
(fourth root transformed) for non-invaded and invaded sites in 2001
(stress = 0.14). b Dendrogram based on group-average clustering
from Bray–Curtis similarities of fourth root transformed faunal
densities
Fig. 3 Mean (+SD) wet-biomass (g m–2) and density m–2 of animals
supported by non-invaded and invaded areas in 2001 (Mytilus
galloprovincialis excluded)
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invaded areas, and no typically rocky-shore species were
noted in any of the areas in 2002. No significant difference
was found in the number of sandy-shore and ubiquitous
species recorded in the various areas (v22 = 0.311 and
P = 0.084; Table 1). Both the Shannon–Wiener diversity
index (Kruskal–Wallis ANOVA H2,36 = 13.7782 and
P = 0.009), and Margalef’s index (Kruskal–Wallis ANO-
VA H2,36 = 10.8964 and P = 0.032) differed significantly
between non-invaded and uncleared areas (Fig. 4), whereas
Table 1 The total number of sandy-shore, rocky-shore and ubiquitous species recorded in non-invaded and invaded areas in 2001, and non-
invaded, uncleared and cleared areas in 2002
2001 2002
Non-invaded Invaded Non-invaded Uncleared Cleared
Sandy-shore species 20 (4 ± 1.8) 10 (1 ± 1.5) 14 (4 ± 1.9) 3 (1 ± 0.9) 7 (2 ± 1.4)
Ubiquitous species 11 (2 ± 2.1) 11 (3 ± 1.9) 1 (4 ± 0.7) 2 (1 ± 1.0) 3 (1 ± 0.8)
Rocky-shore species 7 (1 ± 1.2) 28 (8 ± 2.2) 0 0 0
The mean number of species (±SD) per area is given in brackets
Fig. 4 Mean (+SD) Shannon–Wiener, Margalef’s and Pielou’s
indices recorded in non-invaded and invaded areas in 2001, and
non-invaded, uncleared and cleared areas in 2002. Solid circles
connect areas that differed significantly within a year (P < 0.05)
Fig. 5 a Non-metric multidimensional scaling of animal abundance
(fourth root transformed and Bray–Curtis similarities) for non-
invaded, cleared and uncleared sites in 2002 (stress = 0.15). b
Dendrogram based on group-average clustering from Bray–Curtis
similarities on fourth root transformed data for abundance
Fig. 6 Mean (+SD) wet-biomass (g m–2) and density m–2 supported
in non-invaded, cleared and uncleared areas in 2002
Mar Biol (2007) 152:225–232 229
123
Pielou’s evenness index showed no difference between
areas (Kruskal–Wallis ANOVA H2,36 = 4.1466 and
P = 0.055).
Discussion and conclusions
Non-invaded versus invaded areas, 2001
The presence of M. galloprovincialis on the centre banks of
Langebaan Lagoon profoundly affected the structure of the
benthic communities (Fig. 2). This finding concurs with
work done by Dittmann (1990), Reise et al. (1994), Crooks
(1998) and Ragnarsson and Raffaelli (1999), who all found
that communities supported by mussel beds on sand-flats
differed greatly from those in adjoining areas free of
mussels. In addition, invaded areas supported eight times
as many organisms than non-invaded areas, and 50 times
as much biomass, even when the contribution made by
M. galloprovincialis was excluded (Fig. 3).
Various processes appear to be responsible for this.
First, the highly complex structure formed by mussel
matrices offers a multitude of microhabitats, which ame-
liorate fluctuating environmental conditions, and provides
protection from predation (Gosselin and Chia 1995). The
physical presence of the mussel shells also constitutes a
suitable hard substratum for settlement and development of
typically rocky-shore species, whereas the adjacent sandy
areas offer no equivalent. C. punctatus, A. chilensis, C.
porcellana and P. exigua (the four species which were
responsible for 90% of the similarity between samples ta-
ken in invaded areas), are all typically rocky-shore species
that benefited from the physical presence of mussels. Al-
though all four of these species were found in both non-
invaded and invaded samples, their biomass in non-invaded
areas was much lower than in invaded areas.
The second process affecting community change relates
to the biodeposition of large quantities of faeces and
pseudofaeces by mussels. In combination with decreased
water exchange by the sediment due to the presence of the
mussel layer, biodeposition results in a build up of organic
material and leads to the generation of sulphide in the
sediment beneath the bed (Dahlback and Gunnarsson
1981). The resultant smothering and anoxia makes the area
unsuitable for burrowing sand-flat species (Ragnarsson and
Raffaelli 1999). The three most defining species of the
non-invaded area (the sandprawn Callianassa kraussi, the
mudprawn Upogebia africana and the polychaete O. an-
grapequensis) are all burrowing sand dwellers and would
all have been excluded by the physical presence of the
mussel beds, which prevented the creation of surface
openings for burrowers. C. kraussi in particular plays an
important role as a bioturbator within the lagoon, where it
turns over sediment at a mean rate of 12.14 kg m–2 day–1
(Branch and Pringle 1987), resulting in water circulation
and oxygenation of the sediment and the prevention of
anoxia.
Third, since mussels are efficient filter-feeders, they are
responsible for the removal of large quantities of fine
particulate matter from the water column (Doering and
Oviatt 1986), including larvae of many different species
(Cowden et al. 1984; Morgan 1992). As a result, the mussel
beds may deplete the food supply of other particulate
feeders and decrease the settlement of planktonic larvae,
which in turn may result in changes in community struc-
ture. The observed differences between non-invaded and
invaded areas are likely the result of an interplay between
these mechanisms.
The high percentage of species specific to invaded areas
(i.e. 41%), and the near absence of typical sand-flat species
from the mussel beds, indicates that the invasion by
M. galloprovincialis did not simply add to the number
of species present on the centre banks, but rather replaced
the natural biota with species typical of rocky-shores. The
similarity in the overall diversity (Shannon–Wiener index),
species richness (Margalef’s index) and equitability (Pie-
lou’s evenness index) between non-invaded and invaded
areas reflects the fact that diversity remained unchanged,
even though composition altered radically (Fig. 4). The
33% of species shared between non-invaded and invaded
areas can be divided into three groups. First, there were
those more suited to uninvaded soft-sediment areas, but
able to survive (albeit in low densities) within the mussel
beds. These included the sand-burrowing polychaetes
Marphysa depressa and N. capensis, which lived intersti-
tially in sediment between the mussels. Second, there were
species typical of the mussel beds, but which occurred in
low numbers in non-invaded areas. An example is the crab
C. punctatus, which occurred at a density of 866.7 indi-
viduals m–2 in invaded areas, but only 1.7 individuals m–2
in non-invaded areas. The mobility of these crabs may have
led to their wandering into areas unoccupied by M. gallo-
provincialis. A third group of species was equally repre-
sented in both non-invaded and infested areas. Examples
included the amphipod Cymadusa filosa and the isopod
Paridotea ungulata, which are both nestling species that
require algae. Algae were found in both non-invaded and
invaded areas, providing suitable habitat for these species
in both areas.
Non-invaded versus uncleared versus cleared areas,
2002
The lack of significant differences between communities
inhabiting non-invaded and cleared areas, and the fact that
both of these differed from communities in previously
230 Mar Biol (2007) 152:225–232
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invaded but uncleared sites (Fig. 5), shows that the clear-
ance of dead M. galloprovincialis shells enabled recovery
of the sandbank community to begin in as little as
5 months. However, the absence of more than 50% of the
species recorded in non-invaded areas from cleared areas,
and the lower Shannon–Wiener diversity index and Mar-
galef’s index values obtained for the cleared areas com-
pared to the non-invaded areas (Fig. 4), indicate that total
recovery of the cleared areas had not yet been attained.
Clearly, the invasion of the centre banks of Langebaan
Lagoon by M. galloprovincialis significantly altered natu-
ral community structure by the creation of a new habitat,
which promoted the establishment of rocky-shore hard-
substrate species. Concurrently, the invading mussel beds
excluded many sediment dwellers, by smothering soft-
sediment species that live on the sediment surface, and by
denying burrowing species access to surface waters, and
causing resultant anoxia, compounded by the release of
mussel faeces and pseudofaeces. The invasion also resulted
in a significant increase in faunal biomass and abundance.
Species diversity, richness and evenness were, however,
not significantly altered following the establishment of the
mussel beds.
Subsequent to the die-off of the mussel beds, the hard
substrate formed by the mussel shells became smothered
by sediment, causing the disappearance of the previously
dominant rocky-shore species. However, because the
compacted shells of the dead mussels formed an imper-
meable layer on the top of the sediment, soft-sediment
species remained absent. Thus, species diversity and rich-
ness were significantly reduced, although species evenness
remained unaffected.
The clearance of the M. galloprovincialis shells began
recovery of the sandy-shore community, with polychaete
species such as O. angrapequensis and S. squamata, which
occupy the top layers of sediment, being of the first to
colonize. These early colonizers were sufficiently abundant
5 months after shell clearance that no significant differ-
ences could be detected by ANOSIM between the com-
munities in non-invaded and cleared areas. Nonetheless,
more than 50% of the species recorded in non-invaded
areas remained absent from cleared areas, including the
important bioturbator C. kraussi. It is thus concluded that
recovery of previously invaded areas was aided by the
clearance of the dead mussel shells, even though full
recovery of the area is yet to take place.
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